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Prostaglandin (PG) E2 reportedly augmented wakefulness when 
continuously infused into the third ventricle of the rat brain, 
whereas it promoted sleep when continuously infused into the 
subarachnoid space of the ventral surface zone of the rostral 
basal forebrain, which was designated previously as a PGD 2 - 
sensitive sleep-promoting zone (PGD2-SZ). In the present 
study, we investigated the effects of PGE (EP)-receptor agonists 
on sleep-wakefulness activities by infusing agonists into the 



third ventricle or into the subarachnoid space of the PGD2-SZ. 
Our results indicated that the waking effect is mediated by EP[ 
and EP2 receptors situating around the third ventricle, whereas 
the sleep-promoting effect is brought about mainly through 
activation of EP 4 receptors located at or near the subarachnoid 
space of the PGD 2 -SZ. NeuroReport 11:2127-2131 © 2000 
Lippincott Williams & Wilkins. 
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INTRODUCTION 

Prostaglandin (PG) D 2 and PGE 2/ major biologically active 
eicosanoids in the mammalian brain, have been investi- 
gated vigorously in rats, mice, monkeys, and other animals 
for their effects on sleep-wakefulness activities [1-8]. For 
example, PGE2 continuously infused into the third ventri- 
cle augmented wakefulness and suppressed both slow- 
wave sleep (SWS) and paradoxical sleep (PS) in freely 
moving rats [4,5]. In contrast, PGD 2 was found to exhibit a 
sleep-promoting effect in rats [1] and monkeys [3]. The site 
of action of PGD 2 for its effect of promoting sleep was 
subsequently demarcated in the ventral surface zone of the 
rostral basal forebrain, which was designated as a PGD 2 - 
sensitive sleep-promoting zone (PGD 2 -SZ) [7]. A more 
recent study showed that not only PGD 2 but also PGE 2 
and PGF 2 ct promoted sleep when continuously infused into 
the subarachnoid space of the PGD 2 -SZ during the noctur- 
nal hours and that the SWS-promoting effects of PGE 2 and 
PGF 2a were almost equipotent to that effect of PGD 2 [8]. It 
is intriguing to note that PGE 2 has two effects in the 
opposite direction; i.e. wakefulness-augmenting and sleep- 
promoting effects, which are exhibited by acting around 
the third ventricle and in the PGD 2 -SZ, respectively. 

PGE2 has a variety of central actions, including genera- 
tion of fever [9], nociceptive behavior [10] and neuroendo- 
crine function [11] as well as sleep-wakefulness 
regulation. The actions of PGE 2 are mediated by specific 
cell receptors; and according to pharmacological findings, 



the PGE (EP) receptor has been divided at least into four 
subtypes: EPi, EP 2 , EP 3 and EP 4 [12]. These EP receptor 
subtypes were cloned from humans, mice (for review, see 
[13]), and rats [14]. Signal transduction pathways for the 
respective EP receptors were reported as being associated 
with various kinds of G proteins [13]. Thus, it is inferred 
that the effects of PGE 2 on sleep-wakefulness activities 
depend on EP receptor subtypes that are expressed in 
proper regions of the rat brain. 

AH6809, an EPi/EP 2 antagonist, inhibited the waking 
effect of PGE 2 [5], thus suggesting that this effect of PGE 2 
was mediated by EPi and /or EP 2 receptors. However, it is 
still unknown which subtype of the EP receptor is respon- 
sible for the sleep-promoting effect of PGE 2 administered 
to the PGD 2 -SZ. In the present study, we investigated the 
effects of novel agonists [15] specific for respective EP 
receptor subtypes on sleep-wakefulness activities by infus- 
ing them into the third ventricle or into the subarachnoid 
space of the PGD 2 -SZ. 



MATERIALS AND METHODS 

Adult male Sprague-Dawley rats (270-350 g, n = 85; Japan 
SLC, Hamamatsu City, Japan) were used in this study. The 
experimental environment was conditioned at a tempera- 
ture of 25°C and 60% relative humidity under a 12:12 h 
light:dark (lights on 08:00-20:00 h) cycle. The animals were 
maintained under these conditions for about 7 days prior 
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to surgical operation, and were allowed free access to food 
and water. 

Under pentobarbital anesthesia (50mg/kg, i. p.), the rats 
underwent surgery for implantation of electrodes for 
recording electroencephalogram (EEG), electro-oculogram 
(EOG), and electromyogram (EMG). In rats that were to 
receive an infusion of an agonist into the third ventricle, 
one stainless-steel cannula (0.35 mm o.d.) was inserted 
from the point 0.8 mm posterior to bregma and 1.4 mm 
lateral to the midline to a depth of 7.8 mm from the level of 
bregma at an angle of 10° from the midsagittal plane, so 
that the tip of the cannula would be situated in the third 
ventricle. For infusion into the PGD 2 -SZ, a pair of cannulae 
was introduced bilaterally from a point 1.7 mm anterior to 
bregma and 2.0 mm lateral to the midline with a depth of 
8.9 mm at an angle of 10° from the midsagittal plane, so 
that their tips would be positioned in the subarachnoid 
space of the PGD2-SZ. These implantation procedures were 
made according to the stereotaxic coordinates adopted 
from the rat brain atlas of Paxinos and Watson [16]. 

These animals were allowed to recover postoperatively 
for at least 9 days. Then they were moved into our 
originally devised experimental cages [17], where continu- 
ous infusion of vehicle solution (saline) through each 
cannula was commenced at a rate of 0.2 ul/min. After a 
period of 4 days for acclimation to this continuous 
infusion and other factors of the experimental milieu, 
recordings of EEG, EOG, and EMG were started. These 
recordings continued for at least 48 h, with the initial 24 h 
period defined as the baseline day and the second as the 
experimental day. 

In the first series of experiments, infusion of vehicle 
through the single cannula into the third ventricle was 
changed to the infusion of a test solution containing an 
agonist between 11:00 h and 17:00 h (rest phase of the 
animal) of the experimental day to determine the subtype 
of the EP receptor that participated in the suppression of 
sleep or in the augmentation of wakefulness. In the second 
series of experiments, we switched the infusion of vehicle 
into the subarachnoid space of the PGD2-SZ through the 
paired cannulae to the continuous infusion of a test 
solution containing an agonist between 23:00 h and 05:00 h 
(active phase) of the experimental day to determine the 
subtype that was involved in the promotion of sleep. The 
infusion of the EP4 agonist into the subarachnoid space of 
the PGD2-SZ was performed also between 11:00 and 
17:00h, as described in Results and Discussion. 

After experiments, animals were sacrificed with an over- 
dose of pentobarbital sodium, and injected with pontamine 
sky blue dye (0.5% w/v) through the implanted cannulae. 
Then, the brains were removed and fixed in 10% formalin, 
and the site of the tip of each cannula and location of its 
track were verified histologically. 

On the EEG, EOG, and EMG recordings, SWS, PS, and 
wakefulness were scored based on visual determination. 
Minimal scoring interval was set at 15 s. The hourly 
amounts of SWS, PS, and wakefulness were calculated; and 
comparison was made between baseline and experimental 
data by use of paired Student's £-test. Data are expressed 
as mean ± s.e.m. 

The EP receptor agonists used in this study, i.e. ONO- 
DI-004, ONO-AE1-257, ONO-AE-248 and ONO-AE1-329, 



are recently created highly selective EPi, EP 2 , EP 3 and EP 4 
agonists, respectively [15], and were generous gifts from 
ONO Pharmaceutical Co., Ltd. (Osaka, Japan), of which 
ONO-AE 1-257 is an EP2 agonist possessing structure and 
agonist potency similar to those of the recently reported 
ONO-AE1-259 [15]. The compound ONO-DI-004, which 
was supplied in crystalline form, was dissolved in 100% 
dimethyl sulfoxide (DMSO) and diluted with saline solu- 
tion before use. The final concentration of DMSO in the test 
solution was 5% (v/v). Other agonists were supplied in 
solutions at a concentration of lmg/ml: ONO-AE1-257 
was in saline containing 4% sodium bicarbonate, whereas 
ONO-AE-248 and ONO-AE1-329 were in saline containing 
0.5% ethanol and 1% Tween 80 and in saline containing 
0.3% ethanol and 0.1% Tween 80, respectively. They were 
diluted with saline before use. The final concentrations of 
sodium bicarbonate, ethanol, and Tween 80 in the test 
solutions were 0.8%, 0.07-0.09%, and 0.02-0.2% (v/v), 
respectively. The saline solutions containing these solvents 
at the doses exhibited no marked changes in sleep - 
wakefulness activities in experiments performed in the 
same manner as described above (data not shown). 

RESULTS 

Effects of agonists infused into the third ventricle: Each 
of the agonists was infused continuously through each 
cannula at a rate of 100 pmol/0.2 ul/min except for the EPi 
agonist, which was tested only at the infusion rate of 
10 pmol/0.2 ul/min due to its poor solubility. The infusion 
of EPi agonist into the third ventricle during diurnal hours 
(between ll:00h and 17:00 h) significantly decreased the 
amount of SWS and increased wakefulness (Fig. la): the 
total SWS decrement during the 6h infusion was 
17 ±4 min (baseline 231 ±5 min; EPi agonist, 214 ±4 min; 
n = lQ; p<0.01, paired f-test). The EP 2 agonist decreased 
PS (baseline, 42 ±4 min; EP 2 agonist, 35 ±2 min; n = 8; 
p < 0.05, paired f-test) and increased wakefulness. The EP3 
agonist produced no significant changes in SWS or PS or 
wakefulness. The EP4 agonist significantly increased SWS 
and decreased PS. 

Effects of agonists infused into the subarachnoid space of 
the PGD 2 -SZ: With the 6h infusion (between 23:00 h and 
05:00 h) performed bilaterally at the infusion rate of 
lOOpmol/min per each cannula into the subarachnoid 
space of the PGD2-SZ, the EP 2 , EP3 and EP4 agonists 
significantly increased the amount of SWS (Fig. lb). The 
EP 4 agonist, in particular, exhibited an extraordinarily 
potent effect: the total SWS increment during the 6h 
infusion was 131 ±9 min (baseline 126 ±5 min; EP 4 agonist 
257 ±8 min; n = 8; p< 0.001). Infusion of the EP 2 agonist 
was also noticed to markedly increase PS. The amount of 
wakefulness was decreased by the EP2, EP3 and EP4 
agonists. The EPi agonist at lOpmol/min exhibited no 
significant effects. 

As shown in the 24 h profiles for the effects of the EP 4 
agonist infused at lOOpmol/min (Fig. 2), SWS began to 
increase from the first hour of the infusion period; and the 
latency to the increase was calculated as < 30 min after the 
commencement of the agonist infusion. The significant 
increases in the hourly amount of SWS continued until 1 h 
after the cessation of the agonist infusion. The levels of the 
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Fig. I. Effects on SWS, PS, and wakefulness of EP agonists continuously infused into the third ventricle between I 1:00 and 1 7:00 h (a) or into the 
subarachnoid space of the PGD2-SZ between 23:00 h and 05:00 h (b). Each datum column represents the mean ±s.e.m. of 8-10 rats. Open and closed 
columns stand for baseline (Base) and experimental (EP) results, respectively. *p<0.05; **p<0.0l; ***p< 0.001 by paired t-test for comparison 
between the experimental value and its corresponding baseline. The infusion of the agonists was made continuously at lOOpmol/min except for the EP| 
agonist, which was infused only at lOpmol/min due to its poor solubility; and these infusion rates are indicated in parentheses below EP. 
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Fig. 2. Twenty-four hour profiles of SWS and PS of the animals (n=8), that received continuous bilateral infusion of the EP 4 agonist into the 
subarachnoid space of the PGD 2 -SZ during the period indicated by the horizontal bars (23:00 h to 0500 h) on the experimental day at lOOpmol/min per 
side. Each datum point (open circles, baseline day; closed circles, experimental day) represents the hourly amount (mean ± s.e.m.) of SWS or PS. 
* p < 0.05; **p<0.0l;***p< 0.00 1 by paired t-test for comparison between the experimental value and its corresponding baseline. 



Vol II No 10 14 July 2000 2129 



NeuroReport 



Y. YOSHIDA £T AL 



hourly amount of SWS during this 7h period of SWS 
increase were comparable to those for the diurnal hours on 
the baseline day; thus, these hourly amounts, especially 
those during the latter half of the infusion period, attained 
the physiological maximum. A relatively small rebound 
decrease was seen during the daytime following the infu- 
sion period. As for PS, no significant change was observed 
during the infusion period, but a significant increase was 
transiently seen after cessation of the infusion of the 
agonist. 

The total amount of SWS during the 6 h infusion of the 
EP 4 agonist increased in a dose-dependent manner at 10 
and 100 pmol/min, whereas increases in PS became statis- 
tically significant at 1 and lOpmol/min (Fig. 3). 

The increase in SWS at lOOpmol/min was accompanied 
by prolongation (baseline 2.60 ± 0.32 min; EP 4 agonist 
4.06 ± 0.46 min; n = 8; p<0.05) and increased number of 
episodes (baseline 52 ±4; EP 4 agonist 69 ±7; p<0.05). The 
marked increase in PS at lOpmol/min was attributed to 
the increased number of PS episodes (baseline 7±1; EP 4 
agonist 14 ±2; n = 7; p<0.01), whereas the mean duration 
of the PS episodes was not significantly changed (baseline 
1.34 ±0.11 min; EP 4 agonist 1.43 ±0.13 min). 



Effect of the EP 4 agonist infused during the diurnal 
hours: We also tested the effect of the infusion of the EP 4 
agonist into the PGD 2 -SZ during the diurnal hours (be- 
tween 11:00 h and 17:00 h). The EP 4 agonist at lOOpmol/ 
min per cannula significantly increased SWS (baseline 
232 ± 12 min; EP 4 agonist 273 ±7 min; n = 5; p<0.01) and 
decreased the amount of wakefulness (baseline 
86 ±16 min; EP 4 agonist 47 ±7 min; p<0.05), whereas the 
change in PS indicated no statistical significance (baseline 
42 ± 4 min; EP 4 agonist 38 ± 3 min). 




(I) (10) (100) (I) (10) (100) 

Infusion rate of EP 4 agonist (pmol/min) 

Fig. 3. Dose-response relationship for the EP 4 agonist, which was 
continuously infused into the subarachnoid space of the PGD 2 -SZ 
between 23:00 h and 05:00 h. Each datum column represents the mean± 
s.e.m. of 7-8 rats. * p < 0.05; * * p < 0.0 1 ; * * * p < 0.00 1 by paired t-test 
for comparison between the experimental value (filled column) and its 
corresponding baseline (open column). 



DISCUSSION 

The continuous infusion into the third ventricle of the EPi 
and EP 2 agonists significantly decreased SWS and PS, 
respectively, suggesting that the waking- or sleep-inhibit- 
ing effect of PGE 2 is mediated by simultaneous activation 
of the two EP receptor subtypes, wherein activation of EPi 
receptors and that of EP 2 receptors may play primary roles 
in inhibiting SWS and PS, respectively. This postulation is 
also consistent with a previous finding that an infusion 
into the third ventricle of AH6809, an antagonist at EPi / 
EP 2 receptors, increased both SWS and PS as well as 
inhibited the PGE 2 -produced decreases in SWS and PS [5]. 

We infer that the site of action for the waking effects of 
the EPi and the EP 2 agonists is located in a diencephalic 
region based on the following findings: First, the SWS /PS 
inhibition by EPi/EP 2 agonists was demonstrated with 
their infusion into the third ventricle but not with that into 
the subarachnoid space of the PGD 2 -SZ in the present 
study; second, infusion of PGE 2 into the third ventricle of 
rats exhibited a waking effect [4,5], whereas that into the 
subarachnoid space of the PGD 2 -SZ did not [8]; third, 
administration of PGE 2 to the hypothalamus increased 
wakefulness in monkeys [6] as well as in rats [2]; fourth, 
the level of PGE 2 in the hypothalamus was shown to be 
closely correlated with vigilance states in rats [18], e.g. the 
average concentration of PGE 2 during wakefulness was 
higher than that during SWS, and, in the middle of 
wakefulness, a drop after the increase in the slope of the 
PGE 2 curve predicted the occurrence of SWS; and finally 
mRNAs for EPi- and EP 2 -receptors were detected in 
various diencephalic regions of the brains of mice and rats 
[19,20]. 

At the PGD 2 -SZ, infusion of the EP 4 agonist at 
100 pmol/min during the nocturnal hours increased the 
amount of SWS, and the magnitude of this effect was 
extraordinarily potent. This profound increase in SWS was 
accompanied by prolongation and increased number of 
SWS episodes. Accordingly, the appearance of the SWS 
became similar to the one normally seen during diurnal 
hours in the rat. Thus, the present result suggested that the 
sleep-promoting effect of PGE 2 at the PGD 2 -SZ is derived 
mainly from activation of the EP 4 receptors. Since a marked 
increase in SWS was also observed by the infusion during 
diurnal hours, the SWS-promoting effect of this agonist is 
thought to be independent of the influence of the circadian 
biological clock. 

Continuous infusion of PGD 2 and that of PGF 2a into the 
subarachnoid space of the PGD 2 -SZ during the nocturnal 
hours also promoted SWS [8]. The magnitude of the effect 
of the EP 4 agonist (100 pmol/min) at this site was compar- 
able to the previously demonstrated effect of PGD 2 [7]. In 
the 24 h profile for SWS (Fig. 2), the latency to the SWS 
increase after the commencement of the agonist infusion 
was < 30 min, which was also comparable to or even 
shorter than that for PGD 2 found in our previous study [7]. 
A relatively small rebound decrease was seen in SWS 
during the daytime following the agonist infusion, and a 
significant PS increase was only transiently seen after 
cessation of the infusion. These features are also similar to 
those seen with the PGD 2 infusion. Thus, it might be 
conceivable that PGD 2 /EP 4 agonist could be cross-reactive 
with PGD (DP)/EP 4 receptors with regard to the SWS- 
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promoting effect. However, PGD2 was reported to have 
low affinity for the EP 4 receptor [14,21], and both PGE 2 and 
the EP4 agonist were demonstrated to have marginal 
affinity for the DP receptor [15]. Therefore, we postulate 
that PGD 2 and PGE 2 promote sleep at or near PGD 2 -SZ 
through activation of DP and EP 4 receptors, respectively. 

In the present study, the EP 2 and EP 3 agonists also 
increased SWS significantly, although the magnitude was 
very small when compared with that for the EP4 agonist. 
The small SWS increase combined with the large PS 
increase observed with infusion of the EP 2 agonist at 
lOOpmol/min (Fig. lb) was similar to the SWS- and PS 
changes shown with infusion of the EP4 agonist at lower 
doses (Fig. 3). Therefore, the EP 2 -mediated regulation of 
sleep and the EP 4 -mediated one may have some over- 
lapping in the regulatory mechanisms in the rostral basal 
forebrain, notwithstanding the fact that the reported dis- 
tribution patterns of the mRNAs for these two receptors in 
the rat brain were quite different from each other [20]. On 
the other hand, the EP3 receptor was implicated in fever 
generation [22]. Whether the SWS increase is a phenomen- 
on correlated with the EP3 -media ted hyperthermia or not 
remains to be further examined. 

As for PGD 2 , the mRNAs for both PGD synthase [23] 
and the DP receptor [24] were demonstrated in the 
leptomeninges of the rat brain; hence, it was supposed that 
the signals initiated in the subarachnoid space of the 
PGD 2 -SZ were somehow transmitted to sleep-regulating 
neuronal systems in the brain parenchyma, which might 
include, at least in part, an activation of the adenosine A 2 a 
receptors [25]. When taking into consideration the report 
[20] that the mRNA for the EP4 receptor was present in the 
meninges of the rat brain, it might be considered that the 
membranous tissues in the PGD 2 -SZ might also play a role 
in the promotion of sleep caused by the EP4 agonist. 
However, different from the case for the DP receptor, the 
ventral septal/anterior preoptic areas and other basal 
forebrain structures exhibited moderate to strong signals 
for the ERj-receptor mRNA under the basal condition in 
the rat [20]; therefore, it is also feasible that PGE 2 directly 
affects some groups of neurons in such structures through 
still undefined mechanisms to promote sleep. 

CONCLUSIONS 

PGE 2 has two effects in the opposite direction, i.e. a 
waking effect [2,4-6] and a sleep-promoting one [8]. Our 
results indicated that the waking effect of PGE 2 is primar- 
ily brought about through EPi -receptor-mediated suppres- 
sion of SWS and EP 2 -receptor-mediated suppression of PS. 



The receptors implicated in these effects are supposedly 
situated in the diencephalon around the third ventricle. In 
contrast, other results of ours indicated that activation of 
the EP 4 receptors located at or near the PGD 2 -SZ, which 
was defined previously in the ventral surface zone of the 
rostral basal forebrain [7], mediate the sleep promotion 
caused by PGE 2 . The SWS increment demonstrated with 
the infusion of the EP 4 agonist into the PGD 2 -SZ at the 
highest dose tested was extraordinarily large such that the 
magnitude was comparable to the previously demon- 
strated effect of PGD 2 [7]. Infusion of the EP4 agonist at 
lower doses also increased PS markedly. 
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